Purpose Chemicals in effluents from the wood industry have been widely identified as sources of contamination affecting endocrine function in aquatic animals. This study examined the changes in transcript levels of key biomarkers, cytochrome P450 1A (cyp1a), brain aromatase (cyp19a1b) and vitellogenin 1 (vtg1), in late larval zebrafish exposed to sediment cores from areas upstream and downstream (two distances) from a pulp and paper mill in Finland. Materials and methods Bioluminescence inhibition of Vibrio fischeri by sediment elutriates was measured to determine the overall toxicity of the sediment. Then, a whole-sediment bioassay with 20-day post-fertilization zebrafish (20dpfZF) to lake sediment (0-5-cm and 20-30-cm layers) was conducted for 3 days, and changes in cyp1a, cyp19a1b and vtg1-transcript levels were assessed using quantitative reverse transcription PCR (qRT-PCR) analyses. Results and discussion Lack of inhibition of bacterial (V. fischeri) bioluminescence by sediment elutriates indicated the non-toxic nature of the samples. Changes in gene expression of cyp19a1b (P<0.001), but not of cyp1a and vtg1 as measured by qRT-PCR, suggested oestrogenic impact of the industrial contaminated sediment on the steroidogenic pathway of the fish. While aromatase played a significant role, more specifically for both the sites 1 and 3 km downstream, the upper layers (0-5 cm) showed higher upregulation of cyp19a1b compared to the reference sediment located 9 km upstream from the mill. There was a significantly higher upregulation of cyp19a1b (P=0.001) by 0-5 cm compared to the that at the 20-30-cm layer at the 1-km site, indicating an oestrogenic impact of recent surface sediment near the mill compared to that in the site further downstream. Conclusions These results highlight the toxic potential of the pulp mill-contaminated sediment to aquatic biota, indicated by oestrogen-responsive cyp19a1b regulation in an immature fish (20dpfZF).
Introduction
Pulp and paper mill effluents (PPMEs) have adversely impacted reproductive, endocrinic and other biological functions in exposed aquatic species of receiving environments (Oikari et al. 1985; Van Der Kraak et al. 1992; Larsson et al. 2000; Örn et al. 2006; Hewitt et al. 2008; Orrego et al. 2010a, b; Werner et al. 2010; Costigan et al. 2012; Pandelides et al. 2014) . Although bleached kraft mill effluents (BKMEs) have undergone improved treatment processes , endocrine effects associated with effluents are still encountered in fish exposed in vivo in laboratory and in their populations (Mellanen et al. 1999; Larsson et al. 2000; Karels et al. 2001; Orrego et al. 2006 Orrego et al. , 2010a Tremblay and Van Der Kraak 1999; Kovacs et al. 2005; Örn et al. 2006) . As potential candidates to assay environmental contamination, zebrafish and other small-bodied fish (e.g. the fathead minnow and the medaka) have been commonly considered due to the relatively easy experimentation they present (Scholz and Mayer 2008) . In fish studies, although sexually mature stages are indicative of reproductive effects by chemical or environmental stressors (Ankley et al. 1998) , early life stages (ELSs) Responsible editor: Arnold V Hallare Electronic supplementary material The online version of this article (doi:10.1007/s11368-014-1043-9) contains supplementary material, which is available to authorized users. of fish are also gaining relevance under regulation of chemical hazards to animals (OECD 1992) .
Although fish reproductive effects can be manifold, owing to some specificity of causative endocrine-active chemicals present, alterations along the brain-gonadal axis directly influence the steroid pathway, which controls the production of sex steroids (Van Der Kraak et al. 1992; Hewitt et al. 2008) . Of major significance in the hormone signalling pathway is the modulation of cytochrome P450 aromatase, the enzyme responsible for the conversion of androgens to oestrogens. In zebrafish, expression of aromatase includes tissue-specific gonadal (Cyp19a1a) and brain (Cyp19a1b) isoforms (Chiang et al. 2001; Kishida and Callard 2001) . During development, expression of Cyp19a1b increased from 2 days postfertilization into the adult stage. Moreover, the sexual differentiation in the teleost brain determines the fate of the gonads (Diotel et al. 2010) . Therefore, the brain isoform in ELS bioassays is a significant indicator of overall aromatase expression (Kishida and Callard 2001; Mouriec et al. 2009; Wang et al. 2011) Pulp mill effluents contain numerous potential agonists or antagonists, or even both, that may directly affect hormonereceptor interactions (Hewitt et al. 2008) . Phytosterols (i.e. plant-or wood-derived compounds) are structurally related to sex steroids and capable of activating respective steroid receptors, eliciting alterations along the steroidogenic pathway (MacLatchy and Van Der Kraak 1995; Oakes et al. 2005; Sharpe et al. 2007; Orrego et al. 2010b) . Reproductive effects such as masculinization in fish living downstream of pulp mills have been linked to phytosterol contaminants with androgenic properties in the effluents (Orlando et al. 2002; Carson et al. 2008) . Expression of yolk precursor protein, vitellogenin (Vtg), a female reproductive response, in juvenile and male fish has been linked to the presence of oestrogenic mimics in effluents (Mellanen et al. 1999; van den Heuvel and Ellis 2002; Orrego et al. 2010b) . The presence of polyaromatic hydrocarbons (PAHs) in effluents have been identified as causes of aryl-hydrocarbon receptor (AhR)-associated regulation of Cyp1a gene (Denslow et al. 2004; Diniz et al. 2010) . Toxicity expression in fishes exposed to PPMEs has been widely assessed by hepatic ethoxyresorufin-O-deethylase (EROD) activity (Lindström-Seppä and Oikari 1990; Hodson et al. 1996; Karels et al. 2000) . Among other ligands affecting Cyp1a induction mediated by AhR, retene (7-Isopropyl-1-methylphenanthrene) is a suggested harmful compound discharged by or associated with the pulp and paper industries. Importantly, a potential crosstalk may function between AhR and steroidal receptors in vertebrates. Therefore, probing the given potencies of key gene responses can efficiently prioritize management decisions that may arise.
After 1992, the southern part of Lake Saimaa (Southern Lake Saimaa (SLS), S.E. Finland) has received less woodderived contamination from adjacent mills due to alterations in pulping-bleaching sequences and upgraded effluent treatment technology . However, endocrine-active wood extractives and their derivatives in the effluents are still being encountered . Therefore, in this study, it was our intention to probe the (anti-)oestrogenic potential from sediment cores representing recent discharges of effluent (0-5 cm, about last 5 years) with sediment contaminated more historically (20-30 cm, before 1992) on sexually immature zebrafish in vivo. In contrast to isolating chemical factors from sediments, we used sediment cores as ecological substrates in bioassays with free-swimming fish, which is an uncommon method. More specifically, the aim of this study was to assess the messenger RNA (mRNA) expressions of three widely applied biomarkers, Cyp1a (AhR-mediated), Cyp19a1b and Vtg1 (steroid-responsive), in early juvenile zebrafish (20-day post-fertilization, 20dpfZF) exposed directly to sediments collected upstream (−9 km) and downstream (1 and 3 km) from a major pulp and paper mill having discharged its effluents into the SLS for more than 100 years .
Materials and methods

Source of sediments assayed and their preparation
The sediments studied were sourced from SLS, a watercourse receiving effluents of pulp and paper industry (UPM Kaukas Inc., Finland). Sediment contamination by PPMEs in the area was recently reviewed (Oikari et al. 2010) . Sediment cores were collected in May 2011 from the two downstream sites (1 and 3 km) using a Limnos sampler (Limnos Oy, Turku, Finland), sliced and combined to represent two sections (approximately 0-5-cm and 20-30-cm depth) from four individual samples of both. Combined sections were homogenized into respective study samples and immediately transferred to airtight glass jars and placed on ice and stored as wet in the dark at 4°C prior to further analysis and use. The area of Rautniemi (RN), 9 km upstream from the mill, was considered as an appropriate local reference point that had been impacted only minimally by the mill discharges over recent decades. The RN reference sediment (0-10-cm depth) was sampled using an Ekman-Birge type device (Duncan & Associates, Cumbria, UK). Sampling was carried out on the same day for the upstream (RN) and downstream (1 and 3 km) sites. The water and sediment qualities of the downstream sites have been reported earlier (Mellanen et al. 1999; Karels et al. 2000; Lahdelma and Oikari 2006; Ratia et al. 2014) .
Dry weight and total organic carbon (TOC) of sediment was determined according to Nikkilä et al. (2001) . For TOC analysis, ∼2.6 mg of well-homogenized and freeze-dried sediment was analysed (in triplicate) using a Thermo Finnigan EA 1112 Series Flash Elemental Analyser (CE Instruments, Milan, Italy). In addition, a positive control (for oestrogenicity) sediment with predictable oestrogenic potential was prepared by 3 μg EE2 kg −1 dw (Sahoo and Oikari 2013) , using pristine lake sediment collected from Lake Palosjarvi (PJ) in Central Finland, and adjusted to similar TOC (%) as RN. The sediment from the reference site (RN), located 9 km upstream from the mill, was considered as the negative control (for oestrogenicity) or reference sample. Sediment water elutriates in volume ratio of 1+4 (v/v) for a bioluminescence assay with Vibrio fischeri were prepared according to Hyötyläinen and Oikari (1999) , stored at 4°C in the dark and used within a week.
Experimental fish
Adult male and female zebrafish (Danio rerio) (wild type, WT) were obtained in 2011 from the Institute of Medical Technology, University of Tampere (Tampere, Finland). Fish maintenance and breeding were carried out following established guidelines (Westerfield 2007) , and specific husbandry information is available in Sahoo and Oikari (2013) . Fertilized eggs (0.5-1.5 h postfertilization, hpf) were collected and reared through early postembryonic stages up to the 20-day stage (20dpfZF). The survival per cent of each batch of reared fish was necessary since up to 10 days post-fertilization the mortality rates were variable but levelled down afterwards. At post-days 10-15, the surviving fish were the healthy ones of each reared batch of fish. Experimental zebrafish larvae for the bioassay at 20 dpf were randomly selected only from those batches of larvae with sufficient survival (∼90 %), although all selected fish were freefeeding and actively swimming healthy fish. This quality control was adopted to ensure healthy experimental fish.
V. fischeri bioluminescence inhibition assay
Bioluminescence inhibition of V. fischeri by sediment elutriates was measured on a Sirius single-tube luminometer (Berthold Detection Systems GmbH, Pforzheim, Germany) using BioTox luminometric toxicity kit (Aboatox Oy, Masku, Finland) (ISO 1998 (ISO , 2010 . Samples were diluted with 2 % NaCl to constitute 2.8, 5.6, 11.3, 22.5 and 45 % of the original sampled sediment (nominal 100 % contamination). The blank control for the assay was the diluent (2 % NaCl). The samples were further incubated at 15°C before measurements after 15 and 30 min. The inhibition (%) effect was calculated based on the relative bioluminescence before and after incubation (15 and 30 min) according to instructions (ISO 1998).
Sediment exposure with late larval zebrafish (20dpfZF)
The sediment exposure series was prepared in 600-ml glass beakers (diameter = 90 mm) as a ratio 1:4 (dw/v) of wet sediment and overlying water (3°dH or 54 mg CaCO 3 l
−1
).
To avoid resuspension of particulates to the water column, 80 g of homogenized wet sediment was first added to each beaker after which a circular slab of frozen overlying water (100 ml; ∼1-cm thickness), made to the diameter of the exposure beaker, was carefully placed on the sediment (using forceps). Finally, the remainder of the overlying water was slowly poured over the ice slab to get it afloat without disturbing the underlying sediment. The depth of the sediment (80 g) layer in each beaker was ∼2 cm. The beakers (three replicates per location) were covered and allowed to stand in the dark for ∼16 h at 24-26°C before the experimental fish (15 per biological replicate in separate beakers) were added. The exposure series consisted of reference site (RN, 0-10 cm), 1 km (0-5 cm, 20-30 cm), 3 km (0-5 cm, 20-30 cm), and the positive control of EE2-spiked sediment (3 μg g −1 dw of PJ sediment). Although the concentration of EE2 was high, the exposure over 3 to 5 days was confirmed to be sub-lethal. The exposures of the fish were conducted in gently aerated static systems without water renewal over 72 h, and sampled thereafter (n=3 replicate pools of 15 fish each) by freezing the fish in liquid nitrogen (anaesthetic was not necessary as the pooled fish were instantly frozen). To maintain the access of the zebrafish to sediment and to keep good water quality, the fish had not been fed during the experiment. Dissolved oxygen
) at the sediment-water interface was measured daily using a NeoFox Phase Measurement system (Ocean Optics, Dunedin, USA). At the end of exposure, the pH of the overlying water and that of the sediment slurry were measured using a PHM220 pH meter (Radiometer Analytical, Copenhagen, Denmark).
Isolation of RNA and reverse transcription and real-time PCR
Homogenized pooled fish samples (15 fish with total weight of ∼16 mg) were thawed and total RNA was extracted using the Tri Reagent (Molecular Research Center, Inc., Cincinnati, USA) according to the manufacturer's instructions. In short, the total RNA was DNasetreated and reverse transcribed into complementary DNA (cDNA) using iScript cDNA synthesis kit (Bio-Rad, CA, USA). Real-time PCR was performed using iQ SYBR Green supermix (Bio-Rad, CA, USA) and run on a Bio-Rad CFX96™ real-time PCR detection system (BioRad, CA, USA). Gene-specific primers (Table 1) for reference genes, beta-actin (β-actin) and elongation factor 1 alpha (ef1a), as well as target genes (cyp1a1, cyp19a1b and vtg1), were designed using AmplifX (v 1.5.4). The PCR efficiency (95-105 %), slope (−3.1 to −3.6) and R 2 > 0.98 was ensured for all studied genes. Quantification of all genes was confirmed with minus reverse transcriptase (RT) controls. Details of PCR conditions used in experiments are available in the supporting information.
Data analysis
The expressions of target genes (cyp1a, cyp19a1b and vtg1) were normalized to the expression of two reference genes, β-actin and ef1a. The choice of reference genes was based on their stable expression (stability parameter M value <0.5) across samples of different treatment (Vandesompele et al. 2002) . The relative gene expression levels were analysed with Bio-Rad CFX Manager (v 3) from the experimental amplification data (Cq values; quantification cycles) using the Pfaffl method (Pfaffl 2001) . Relative quantification (fold-change) of separate replicate pools was made using the Pfaffl method, which accounts for dissimilar amplification efficiencies of target and reference genes (Ratio = ((Efficiency target gene )
ΔCq, target (calibrator-test) /(Efficiency referene genes ) ΔCq, reference (calibrator-test) )). Mean fold change (±SD) was then calculated between the three replicates of each exposure group. For statistical analysis, the fold-change of each replicate group was added to data analysis software for determination of mean differences between the three replicate groups of each sample exposure. The statistical significance (P<0.05) of log-transformed data (cyp19a1b) from the SLS sediment assay was determined by one-way ANOVA followed by the Tukey HSD post hoc test. Unlike cyp19a1b, the data for cyp1a and vtg1 did not meet the assumption of homogeneity of variance and therefore was analysed using Welch's test followed by the Games-Howell post hoc test. All analyses were performed using the IBM SPSS 19.0 statistical package (IBM Corp, Chicago, USA).
Results and discussion
Probed sediment characteristics
For probing the gene expression patterns related to xenooestrogenicity in fish by sediment, two downstream locations and one upstream location were sampled in the watercourse adjacent to a large integrated pulp and paper factory (UPM Kaukas Inc., Finland) processing both hardwood and softwood pulp and discharging effluent into the SLS (Oikari et al. 2010) . The bottom of the SLS area is comprised mainly of eroded and transported sediment resulting from annual resuspension and sedimentation, so no distinct laminates are formed. For that reason, vertical sediment dating is inaccurate, with the net deposition rate being ∼10 cm per decade Oikari 2005, 2006) . Based on this assumption, the 20-30-cm layer represented the time before 1992, when a large technological transition was implemented by the mill , and that the of 0-5-cm increment corresponds to the period after 2005, a period of time in which the mill has operated most efficiently at reducing discharges of bioactive wood extractives and their derivatives (Oikari et al. 2010) .
Once experimental setups were constructed in the laboratory, the mean dissolved oxygen concentration next to the sediment surface in the jars was measured to be in the range of 8-9 mg l −1
. Total organic carbon (TOC) of the reference sediment RN was lower (5.5 %, per dw) compared to that in the downstream sites (1 km, 0-5 cm, 12.2 %; 5-10 cm, 14.4 %; 3 km, 0-5 cm, 11.8 %; 5-10 cm, 14.6 %). The increased organic loading of sediment by PPMEs is characteristic of the industry, as noted earlier (Mellanen et al. 1999; Karels et al. 2000; Lahdelma and Oikari 2006; Ratia et al. 2014) . Clearly, the higher concentration of TOC in the downstream sediment compared to that in the reference site indicates those samples (1 and 3 km) as potential binding matrix for hydrophobic compounds in mill discharges, which can be desorbed in a natural setting due to various sediment disturbances (Meriläinen et al. 2006) . The chemical composition of effluents and contaminated sediments in the area of SLS highlights the presence of resin acids (RAs), betulinol and wood sterols (WSs), possibly acting on fish reproduction and endocrinology. Spatially and temporally, the concentration of RAs and WSs may show some variability, though revealing overall differences in levels of contamination between the sites (e.g. 1 km > 3 km, Lahdelma and Oikari 2006; Table S1 , Electronic Supplementary Material). The proportion of dehydroabietic acid (DHAA) has been consistently the most abundant RA found deposited in receiving sediment. The concentration of oestrogenic β-sitosterol (Tremblay and Van Der Kraak 1999), a major sterol in PPME discharges, accounted for the concentration gradient of WSs over 1 and 3 km downstream from the mill, and was 35 and 5 times more than that in the upstream reference  Table S1 , Electronic Supplementary Material). The relative differences between gene-probed sediments are thus obvious, having been maintained over five decades or more, though not reanalysed in this study.
V. fischeri bioluminescence inhibition
In order to delineate possible gross toxicity differences between probed sediments, inhibition assays were conducted. Surprisingly, sediment and water elutriates of SLS were not toxic to the photoreaction of V. fischeri, with values ranging from negative luminescence (−27 %, i.e. stimulation) to less than 10 % inhibition after 30 min incubations (data not shown). Therefore, it was not possible to calculate toxicity threshold (EC values) for the samples. The assay was included as an alternative indicator of short-term sub-lethal toxicity of the sample, more precisely cellular energy-to-light pathway in V. fischeri. With the feasibility of determining toxicity using the bacterial assay, the results were gross indicators of the elutriate toxicity. Despite being non-toxic in that respect, the sediment, however, induced alteration of genomic biomarkers in zebrafish larvae. Accordingly, Lahdelma and Oikari (2005) also showed a negligible toxic potential by this assay of SLS sediments collected from the same locations, being least in surface layers. While bioactive wood extractives were present in sediments (Table S1 , Electronic Supplementary Material), it seems possible that sensitive physiological pathways are responsible for gonadal and sex differentiation in the 20dpfZF. The whole-sediment bioassays with polluted sediments of SLS revealed alterations in target gene expressions.
Responses of transcripts in 20dpfZF exposed to contaminated sediment
The life stage of zebrafish investigated can be described as late larval, as at the time of 20 dpf, they possess initial ovary-like tissue that transitions into sex-specific gonads. Sex differentiation begins later in gonadal development in gonochoristic undifferentiated species (zebrafish), which contrasts with gonochoristic differentiated species (medaka) where ovarian differentiation precedes testicular differentiation (Piferrer 2001) . Although it is difficult to verify any single time point, gonadal differentiation in zebrafish is dependent on the development or degeneration of the early stage oocytes (transient gonad) produced by all larval fish, and such events result in female or male development, respectively (Takahashi 1977; Dranow et al. 2013) . That labile stage is known to be between 10 and 25 dpf, during which any strong environmental (i.e. temperature (Uchida et al. 2004) or chemical) cues can influence the bias for either sex-specific gonadal differentiation. Sex reversal of genetic female to male is dependent on depletion of early oocytes, and aromatase activity has been reported in zebrafish (Uchida et al. 2004; Dranow et al. 2013) , medaka (Kurokawa et al. 2007 ) and few other teleosts. Gonads of developing zebrafish have been shown to be composed of "transforming oogonia" between 18-35 (Wang et al. 2007 ) and 22-35 dpf (Okuthe et al. 2014) . The expression of enhanced green fluorescent protein (indicative of transformation of bipotential gonad-to-juvenile ovary-to-gonad differentiation) is seen in all developing fish between 16 and 24 dpf (Wang et al. 2007 ). All these point to a suitable window at 20 dpf during which early gonadaogenesis occurs in zebrafish. Changes in such a labile phase (15 to 42 days postfertilization; dpf) of gonadogenesis (Takahashi 1977; Maack and Segner 2004; Dranow et al. 2013 ) are detected by oestrogen-responsive gene expression, in addition to the free-swimming life stage characterized by foraging on surface sediment (Sahoo and Oikari 2013) . When compared to the sediment assay of the upstream reference site RN, there were no significant differences of transcript levels of cyp1a in juvenile zebrafish 20dpfZF exposed to samples from sites 1 and 3 km immediately downstream of the mill (P=0.09, Welch's test) (Fig. 1) . Historically, the most distinct biomarker of impact by PPMEs has been the induction of liver Cyp1a, generally measured as activity of 7-ethoxyresorufin deethylase (EROD), decreasing with improved management of emissions from the mills. In SLS, for instance, the EROD response decreased by 90 % in the early 1990s . Later on, in 2004, short-term exposure of brown trout in the field of SLS revealed no significant difference in EROD between downstream and upstream sites in relation to mill location (Oikari et al. 2010 ). On the other hand, it was surprising that the deep sediment layers of 20-30 cm, representing a time before large technological transitions in 1992 , revealed non-significant increases in amounts of cyp1a transcripts by 20dpfZF (Fig. 1) , despite doing so to model AhR ligands (Billiard et al. 2002; Brinkworth et al. 2003; Hawliczek et al. 2012) . We suggested that the tentative effector, retene (Table S1 , Electronic Supplementary Material), had caused a pronounced induction of cyp1a transcription despite the very hydrophobic nature of retene (log K ow 6.4), which appeared to be reversible to a certain extent (Meriläinen et al. 2006) . Alternatively, the presence of unknown but bioavailable inhibitors of Cyp1a activity on EROD such as bioflavonoids (Doostdar et al. 2000) may have acted from the mixture of deposited compounds, originating in PPMEs, on the transcription of cyp1a in 20dpfZF. Actually, inhibition of mixed function oxygenase (MFO) activities has been occasionally observed, particularly due to untreated effluents of pulp from the paper industry (Ahokas et al. 1976 ).
Embryonic exposure of fish to retene has been reported to induce Cyp1a along with oedemas in the yolk sac and pericardial cavity in rainbow trout (Brinkworth et al. 2003) , with related and pronounced expression of cyp1a in zebrafish (Hawliczek et al. 2012) . Of particular significance to the decreased uptake of retene could be the high TOC (∼11-15 % dw; this study) in the SLS sediment to which retene may have been readily bound. Since the focus of this study was only to quantify the expression of cyp1a as an exposure biomarker to PPMEs, and compare markers of xenooestrogenicity to it, further discussion on AhR-mediated dioxin pathway is outside the present scope.
Unlike the transcription of cyp1a, cyp19a1b showed clear induction in 20dpfZF exposed to contaminated SLS sediments. On the other hand, no change in vtg1 was noticed (Figs. 2 and 3) . Figure 2 shows statistically significant difference between fish exposed to sediments downstream (except 1 km at 20-30 cm) from the pulp and paper mill compared to the control group (upstream reference site, RN) as determined by one-way ANOVA for cyp19a1b F (6, 14) =544.590, P<0.001. Tukey post hoc test revealed significant induction of cyp19a1b between 1 km downstream sediment exposures to surface (0-5 cm; 4.6-fold) and deep ones (20-30 cm; 2.2-fold, P=0.001), thereby indicating higher oestrogenic potency in recently deposited sediment. This pattern was also obvious at the 3-km site, the 0-5-cm sediment layer not showing statistically significantly different induction compared to 20dpfZF exposed to 20-30-cm layer (P=0.174). Overall, the increased induction of cyp19a1b by exposure to the upper layers of SLS sediment clearly highlights the oestrogen-like impact of factors deposited from effluents released from the pulp and paper mill.
For comparison with negative control (RN) at SLS, and two downstream locations, EE2-spiked sediment showed Fig. 1 Changes in cyp1a mRNA levels in 20dpfZF (n=3 with 15 fish per replicate) exposed to sediment from sites in vicinity of the pulp and paper mill in Southern Lake Saimaa. Reference sediment (0-10 cm) was collected from Lake Rautniemi, 9 km upstream from the mill. Upper (0-5 cm) and lower (20-30 cm) sediment layers represent recent and historical pollution at sites downstream from the mill. Positive control, EE2-sed is sediment-spiked with 17α-ethynylestradiol (EE2) with concentration of ∼3 μg EE2 kg −1 dw. Bars represent mRNA level (±SD) relative to reference sediment. Note that mRNA level was normalized to reference genes, β-actin and ef1a Fig. 2 Changes in cyp19a1b mRNA levels in 20dpfZF (n=3 with 15 fish per replicate) exposed to sediment from sites in vicinity of the pulp and paper mill in Southern Lake Saimaa. Reference sediment (0-10 cm) was collected from Lake Rautniemi, 9 km upstream from the mill. Upper (0-5 cm) and lower (20-30 cm) sediment layers represent recent and historical pollution at sites downstream from the mill. Positive control, EE2-sed is sediment-spiked with 17α-ethynylestradiol (EE2) with concentration of ∼3 μg EE2 kg −1 dw. Bars represent normalized mRNA level (±SD) relative to reference sediment. Note that mRNA level was normalized to reference genes, β-actin and ef1a. Different letters above bars represent significant difference between exposures (P<0.05) as determined by one-way ANOVA followed by Tukey's HSD post hoc test Fig. 3 Changes in vtg1 mRNA levels in 20dpfZF (n=3 with 15 fish per replicate) exposed to sediment from sites in vicinity of the pulp and paper mill in Southern Lake Saimaa. Reference sediment (0-10 cm) was collected from Lake Rautniemi, 9 km upstream from the mill. Upper (0-5 cm) and lower (20-30 cm) sediment layers represent recent and historical pollution at sites downstream from the mill. Positive control, EE2-sed is sediment-spiked with 17α-ethynylestradiol (EE2) with concentration of ∼3 μg EE2 kg −1 dw. Bars represent normalized mRNA level (±SD) relative to reference sediment. Note that mRNA level was normalized to reference genes, β-actin and ef1a. Different letters above bars represent significant difference between exposures (P<0.05) as determined by Welch's test followed by Games-Howell post hoc test statistically highly significant induction of cyp19a1b (130-fold; P<0.001). This is in accordance with, though a more distinct result than, our previous observations on 20dpfZF exposed to sediment spiked with EE2 (Sahoo and Oikari 2013) . Interestingly, however, both oestrogenic and androgenic properties of PPMEs on fish have been observed earlier, probably connected to variable wood sources, pulping processes, the type of wastewater treatment and the local conditions of receiving waters. The increased oestrogenic influence of sediments from the 1-km site could be linked to the presence of the wood-derived β-sitosterol, a known oestrogen in fish (Tremblay and Van Der Kraak 1999; Nakari and Erkomaa 2003) . However, the induction of cyp19a1b alone cannot be solely attributed to the overall oestrogenic potential of the SLS sediment. Although binding affinities of competitive ligands can result in varied (anti-)oestrogenic responses, a modulating potential of the diverse contamination may be the primary effector as reported in the masculinization of mosquitofish, associated with exposure to androgenic contaminants rather than inhibition of aromatase (Orlando et al. 2002) . With respect to androgenicity, and possible masculinization, original wood steroids can serve as precursors of hormonally active androgens, androstenedione and androstadienedione (Jenkins et al. 2003; Carson et al. 2008) . Studies linking the source of progesterone to pine species (Carson et al. 2008) , with possible microbial breakdown resulting in androgenic compounds, are opposed by recent evidence of androgens found in wood. Furthermore, the release of such compounds in PPMEs may be modified efficiently by secondary treatment systems (reviewed in van den Heuvel (2010)). Currently, however, no field information exists on microbial taxa or consortia locally capable of this type of biotransformation. In anaerobic sediment layers, like that of 20-30 cm of SLS over time, persistency of β-sitosterol and some other wood sterols is considered high . Presently, it is widely agreed that the final impact to fish is dependent on the mill operating conditions (Hewitt et al. 2008; van den Heuvel 2010) , yet earlier studies conducted in the area (i.e. SLS) reported both anti-oestrogenic (Karels et al. 1998 ) and oestrogenic (Mellanen et al. 1999 ) responses by fish. Thereby, it is the overall balance between effector agonists and antagonists that leads to the net outcome in regulation. Moreover, the presence of phytosterols like β-sitosterol in effluent accounts for weak oestrogenic impacts. Wood extractives (DHAA, betulinol) also induce variable oestrogenic or antagonistic responses (Christianson-Heiska et al. 2008) . Since the study of any natural site is representative of a mixture exposure, PPM effluents conform to such a category, impacting the possible outcomes (oestrogenic or anti-oestrogenic/androgenic) of endocrine response. Therefore, the empirical evidence from studies carried out at SLS sites points to the endocrine impacts in fish as a valid assessment.
In contrast to cyp19a1b transcript response, and other PPME exposure studies (Soimasuo et al. 1998a, b; Tremblay and Van Der Kraak 1998; Mellanen et al. 1999; Orrego et al. 2009 Orrego et al. , 2010b , our results did not show statistically significant induction of vtg1 in juvenile zebrafish (P>0.05) assayed with downstream SLS sediment (Fig. 3) . Given the various linkages to the reduced production of Vtg in fish (Ankley et al. 2010) , the induction of cyp19a1b, but not of vtg1, suggests competitive binding of oestrogen receptors (ERs) resulting in reduced Vtg synthesis, which may in turn provoke a feedback signal to increase estradiol production (by increased aromatase activity) to effectively compete with antagonist ligands to bind to ERs. Although there is paucity of information from the literature considering both aromatase and vitellogenin response in fish exposed to PPMEs, the consideration of an androgenic or anti-oestrogenic impact in our results can be supported separately by aromatase induction (Mouriec et al. 2009 ) and reduction/inhibition of Vtg production in largemouth bass (Sepúlveda et al. 2004) , zebrafish (Örn et al. 2006; Christianson-Heiska et al. 2008 ) and other teleost species (reviewed in Hewitt et al. (2008) ). Even the phytosterol β-sitosterol, which is a weak oestrogenic compound, caused reduction in Vtg response in rainbow trout by competitive binding to ER (Tremblay and Van Der Kraak 1998) . Despite these facts, the anti-oestrogenicity of RAs such as DHAA is not accounted by competitive binding to ER (Teresaki et al. 2009 ), as previously suggested by Christianson-Heiska et al. (2008) . The anti-oestrogenic action of DHAA is indirectly through liver damage, the site for vitellogenin synthesis (Orrego et al. 2011 ). However, a more recent study opposed that claim and suggested the disruption of estradiol metabolism by DHAA as an alternative explanation (Pandelides et al. 2014) . Again, the positive control using EE2-spiked sediment was as predicted and revealed an 8-fold increase of vtg1 in exposed fish relative to the pristine reference RN (P=0.01; Sahoo and Oikari 2013) . A departure from simple oestrogenic effects of PPMEs shown in other studies may have resulted due to variation between species-specific sensitivity and exposure design, but probably, it is mainly due to the composition and quality of effluent (Ellis et al. 2004 ). Although Mellanen et al. (1999) showed vitellogenin gene induction in field-exposed juvenile whitefish to PPMEs from one of three mills in the SLS region, no similar oestrogenic effect by Vtg regulation was observed at the two other mill sites in that study. Örn et al. (2006) showed elevated Vtg concentration in juvenile zebrafish (10-38 days post-hatch, dph) exposed to PPMEs and, over longer exposure, that the developing fish exhibited an androgenic response at 60 dph. Other studies have shown the oestrogenic potential of phytosterols (e.g. β-sitosterol) found to induce vitellogenin in several fish species (MacLatchy and Van Der Kraak 1995; Mellanen et al. 1996; Nakari and Erkomaa 2003; Sharpe et al. 2007 ). Recent analysis of the SLS sites have revealed marked reduction in β-sitosterol concentration in the 1-and 3-km site sediments (Table S1 , Electronic Supplementary Material). Present effluent quality at SLS may vary from that reported in 2001 (Table S1 , Electronic Supplementary Material), with for instance the concentration of another prevalent wood extractive betulinol in SLS sediment being as high as 3810 μg g −1 (dw) in the sediment depth of 20-25 cm, with surface sediment containing half of that concentration . Theoretically, betulinol may still affect normal physiology and endocrine function in exposed fish (Christianson-Heiska et al. 2008) at SLS. In addition, DHAA, being the most abundant RA in SLS, was recently reported to bind competitively to oestrogen receptors, thereby eliciting an anti-oestrogenic effect (Orrego et al. 2010b ). In the present study, the significant induction of cyp19a1b, but not vtg1, may be mediated by androgenic (Mouriec et al. 2009 ) or anti-oestrogenic compounds from the lake sediment binding to oestrogen receptors in developing zebrafish. Given the variable response by the two oestrogenic biomarkers in the present study, the result can be explained by the difference in activation and sensitivity of either gene: cyp19a1b but not vtg1 being induced at low xeno-oestrogenic concentration found in the sediment contaminated by the mill effluent. However, considering the modulation of endocrine biomarkers in fish exposed to environmental samples from the SLS area, our results also indicate a similar potential of the sediment contaminated by the mill effluent. Among the multiple chemical loads reported in PPMEs, the hydrophobic bioactive chemicals are likely to reversibly bind to sediment. Biomarker modulation resulting from receptormediated pathways would broadly classify unknown compounds with agonistic or antagonistic potential to steroid receptors (ARs, ERs). Such distinction of mode of action (oestrogen-or androgen-mediated) could be complemented with more specific assays to determine an androgenic response from an anti-oestrogenic one. Regulation of AR and ER transcription should be accompanied with relevant endpoint biomarkers (e.g. ER-mediated vtg synthesis). Microarray analyses of samples from exposed animals indicate regulatory relation between biomarkers/genes to a specific exposure, e.g. PPMEs (Costigan et al. 2012) . For a better understanding of effluent-induced activation of biomarkers, steroid receptor (androgen or oestrogen) binding assays may elucidate their mechanisms of action. To evaluate the overall effects of effluent or related contamination in fish reproduction, the ratio of circulating sex steroids (androgens and oestrogens) in exposed fish can reveal the adverse role of PPME sediment, such as 0-5 cm of SLS, on the steroidogenic pathway.
For a wider picture, the variable reproductive effects of PPME sediment on aquatic animals are influenced by many factors, including process and treatment technologies in the pulp and paper industry (Hewitt et al. 2008; van den Heuvel 2010) and the stage of processing of multiple mixtures of putative agonists and antagonists. The oestrogenic nature of effluents, as an example, has been linked to the source of raw material, owing to the presence of plant oestrogens. With arrangements of the experimental setup like in the present study, contaminants in the sediment are prone from bioavailability to 20dpfZF presenting an exposure scenario more complex than to a sole effluent or its extract. The lack of correlation between oestrogenic impacts of weakly but chronically hazardous environmental samples, and assays like bioluminescence inhibition, require advanced investigation on individual PPME-related contaminants, such as RAs and plant-derived sterols, along with their microbial biotransformation derivatives.
Conclusions
This study shows modulation of the brain aromatase gene cyp19a1b in the late larval zebrafish (20dpfZF) exposed to pulp and paper industry-contaminated lake sediment. The oestrogenic potential of weakly agonistic environmental samples was demonstrated by a change in transcript levels of cyp19a1b, but not of cyp1a (AhR-mediated) and vtg1 (oestrogen-responsive), despite the latter also being a potent oestrogenic biomarker. The sensitivity of cyp19a1b regulation revealed alteration along the HPG axis, one of the key pathways leading up to endocrine disruption in exposed animals. Aromatase expression was identified as a sensitive endpoint, without vitellogenin regulation, acting on the sensitive stage of the sediment-exposed model, 20dpfZF. The results also showed the upregulation of cyp19a1b by the upper and recent sediment layers (0-5 cm) compared to two-to three-decadeolder layers (20-30 cm), indicating the required course of action in the operation of mills today.
